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host of proteases, peroxidases, and biologically activeNeutrophils with a License to Kill:
molecules that are stored within at least five differentPermeabilized, Not Stirred types of intracellular granules. Activation of the neutro-
phil triggers assembly of the oxidase with the subse-
quent translocation of the cytosolic components to the
membrane-bound cytochrome b558. Although thoseThe neutrophil responds to invading microorganisms
details are generally agreed upon, exactly where andin part by assembling the NADPH oxidase complex
how this assembly occurs has been the subject of con-and producing superoxide radicals. Relatively little is
siderable debate. Because the oxidase was classicallyknown about the intracellular assembly or activation
viewed as an external generator of superoxide anions,of the oxidase, but Brown et al. in the January issue
the assembly of an active NADPH oxidase was longof Molecular Cell provide a useful strategy involving
thought to be restricted to the plasma membrane. None-permeabilized neutrophils to tackle this question.
theless, although the oxidase is clearly found within the
plasma membrane of activated neutrophils, the vast ma-
By all accounts, the neutrophil is a difficult cell to deal jority of the cytochrome b558 is contained within granule
with. Short lived and essentially resistant to in vitro ge- membranes, and there is evidence that the oxidase can
netic manipulations, the prickly neutrophil undoubtedly assemble within this subcellular compartment. Perhaps
blames its upbringing. In contrast to more friendly and more intriguing is the observation that the signaling
outgoing cell types that willingly seek out the company pathway leading to plasma membrane NADPH oxidase
of neighboring cells, neutrophils tend to live their entire, assembly might differ considerably from the granule-
brief life in total isolation. Their sole purpose is to exist based or intracellular assembly of the oxidase (Karlsson
in an armed and dangerous state, roaming the body in et al., 2000).
a constant search for invading organisms. When trouble Although evidence has emerged that the intracellular
is found, neutrophils can turn from angry to downright assembly of the oxidase is important, few experimental
nasty, releasing a biological cocktail of what might aptly systems have been available to study these events. Re-
be described as cellular weapons of mass destruction. constitution systems in both established cell lines and
One of the primary weapons in the neutrophil arsenal cell-free systems have been employed to study NADPH
is an enzyme complex that generates superoxide radi- oxidase activity; however, these systems lack the unique
cals. This multisubunit enzyme is termed the NADPH signaling and architecture of the neutrophil. To over-
oxidase because it uses molecular oxygen and NADPH come these limitations, Yaffe and colleagues have em-
to generate superoxide anions. The oxidase is com- ployed a system in which neutrophils are gently perme-
posed of two membrane-bound subunits, gp91phox and abilized by the bacterial cytolysin, Streptolysin-O
p22phox (referred together as cytochrome b558) as well (Brown et al., 2003). This bacterial toxin produces pores
as four cytosolic components, p47phox, p67phox, in the plasma membrane of cells, allowing for the rapid
p40phox, and a small GTPase, Rac1 or Rac2. In addition efflux of cytosolic proteins while cytoskeletal-associ-
ated or membrane-bound proteins generally requireto toxic free radicals, the neutrophil can also unleash a
Previews
147
considerably longer to be removed. Perhaps more im- that whereas p40phox binds to PI(3)P (Kanai et al., 2001;
portantly, this technique allows for the introduction of Ellson et al., 2001), p47phox appears to bind preferen-
defined small molecules and protein extracts to recon- tially to PI(3,4)P2 (Kanai et al., 2001). The recent structure
stitute the oxidase activity of the permeabilized cell. of the PX domain of p47phox actually suggests two
The report by Yaffe and colleagues is not actually the separate lipid binding domains with evidence for a
first study to use the permeabilized neutrophil as an PI(3,4)P2 site as well as another binding site that binds
experimental model. A similar strategy was used almost phosphatidic acid (PA) or a related lipid (Karathanassis
a decade ago to demonstrate that phospholipase D was et al., 2002). Interestingly, binding of these phospholip-
a downstream effector of ARF1 and ARF3 (Cockcroft ids appears independent but cooperative, with the addi-
et al., 1994). However, previous attempts to use this tion of PA leading to an increased affinity for PI(3,4)P2
approach to study the regulation of the NADPH oxidase binding. Evidence suggests that these specific lipid-
have been largely unsuccessful (Leino et al., 1999). Inter- protein interactions may be essential for both allosteric
estingly, the authors of this previous study only looked activation as well as serving to spatially target the oxi-
at extracellular NADPH oxidase activity, in large part dase to distinct intracellular domains.
because their method of measuring superoxide produc- In summary, the system by Yaffe and colleagues adds
tion, cytochrome C reduction, is membrane impermeant. a very valuable tool for investigators of the NADPH oxi-
In contrast, this new study shows that whereas Strepto- dase. Permeabilized, but with their subcellular architec-
lysin-O does appear to reduce extracellular oxidant gen- ture largely intact, these neutrophils provide the most
eration, the production of intracellular oxidants remains faithful model of in vivo biology while still allowing for
intact. in vitro experimental manipulation. Although this system
Using this permeabilized neutrophil system, the au- provides insight into intracellular oxidase assembly and
thors of this study are quick to challenge previous data intracellular oxidant generation, it leaves unanswered
from other, presumably less physiological models of the question of why the neutrophil bothers with such
oxidase activation. For instance, although p67phox was feats. What is the physiological role of intracellular oxi-
thought to be associated with the cytoskeleton, the dant generation? One possibility is that intracellular oxi-
present study disputes that finding. Similarly, although dants might be important for overall granular function,
in certain cell-free systems p47phox appears to be dis- a hypothesis supported by the observation that patients
pensable for enzyme activity, the Streptolysin-O-treated with CGD have both an absence of a respiratory burst
neutrophil appears to have an absolute requirement for as well as an impairment in secretion. Perhaps in this
this component. This requirement for p47phox agrees intracellular context, oxidants generated by the NADPH
with clinical observations that mutations in p47phox are oxidase act not as toxic mediators but rather as signal-
found in a number of patients with chronic granuloma- ing molecules. There is a growing appreciation that oxi-
tous disease (CGD), an inherited deficiency in NADPH dants may fulfill this role in other cell types (Finkel, 1998).
oxidase activity. Finally, the present study demonstrates In addition, numerous homologs of gp91phox have re-
that prior to assembly into an active oxidase, p47phox cently been described that are expressed outside the
and p67/p40phox exist in separate molecular com- neutrophil and appear to act as important biological
plexes, a finding that again differs from previous obser- effectors in tissues as distinct as the kidney, thyroid
vations, suggesting that these three proteins form a gland, and the vessel wall (Lambeth, 2002). It seems
heterotrimeric complex in the resting neutrophil cytosol. reasonable to think that the system described in this
The study in Molecular Cell also goes a long way recent paper may be readily adapted to these other
in clarifying the relevant signaling pathway leading to specialized cell types in order to help further clarify the
intracellular oxidase assembly following stimulation with biology of the growing family of NADPH oxidases.
PMA. In particular, the authors establish a critical role
for PKC as well as for the PI 3-K-derived lipid mediators
PI(3,4)P2, PI(3,4,5)P3, and PI(3)P. The role of these PI Toren Finkel
3-K-derived lipid products is supported by the previous Cardiovascular Branch
observation that PMA activates two distinct pathways NHLBI
within the neutrophil, a PI 3-K-independent pathway NIH
leading to extracellular oxidant generation and a PI 3-K- 10 Center Drive
dependent intracellular pathway (Karlsson et al., 2000). Bethesda, Maryland 20892
The present study leaves unproven as to how these lipid
mediators actually regulate the oxidase, although the
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authors suggest three possible sites of action. One pos-
sibility is that these lipids, especially PI(3,4,5)P3, activate Brown, G.E., Stewart, M.Q., Liu, H., Ha, V.-L., and Yaffe, M.B. (2003).
PKC, which in turn may be needed for p47phox phos- Mol. Cell 11, 35–47.
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Rac that contains a pleckstrin homology domain (Welch Ellson, C.D., Gobert-Gosse, S., Anderson, K.E., Davidson, K., Erdju-
ment-Bromage, H., Tempst, P., Thuring, J.W., Cooper, M.A., Lim,et al., 2002). Finally and perhaps most intriguing is the
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These division cycles lack G1 and G2 phases and there-A New Trick for Cyclin-Cdk:
fore one would not expect cdk4, which normally pro-Activation of STAT motes progression from G1 to S phase, to be required.
Moreover, no defects were observed in the BrdU label-
ing patterns of either cdk4 (Meyer et al., 2002) or stat92E
(Chen et al., 2002) mutants at these stages. Therefore,
New work in Drosophila demonstrates that cdk4 loss these studies demonstrate a new role for Cdk4 in regu-
causes phenotypes similar to the loss of JAK/STAT lating pair-rule gene expression and pattern formation,
pathway components. Cdk4 overexpression can by- independent of effects on cell cycle.
pass requirements for JAK but not STAT. These results The best understood function of Cdk4 is that it works
demonstrate a new function for Cdk4 and a new mode in a complex with Cyclin D to phosphorylate Rb, re-
of STAT activation. sulting in activation of E2F, which in turn activates Cyclin
E-Cdk2 complexes (Sherr and Roberts, 1999). So after
finding the similarity between the cdk4 mutant pheno-The STAT (signal transducer and activator of transcrip-
tion) family of transcription factors is essential for normal types and JAK/STAT phenotypes, Chen et al. investi-
gated whether Cyclin D and/or Cyclin E play a role inembryonic development and is thought to contribute to
tumorigenesis. At the cellular level, STATs have been the pathway.
The authors demonstrate a variety of genetic interac-demonstrated to regulate proliferation, fate specifica-
tion, and migration (Levy and Darnell, 2002). The most tions between hop and stat92E mutations and overex-
pression or loss-of-function of Cyclin D, Cdk4, Cyclincommon mode of activation of STATs is via tyrosine
phosphorylation by members of the Janus kinase (JAK) E, and Cdk2. The most striking of these effects is the
observation that overexpression of either Cdk4 or Cyclinfamily, in response to cytokine signaling. Downstream
targets of STAT that might mediate its proliferative ef- E can rescue the segmentation phenotype of an embryo
lacking hop function but cannot rescue stat92E mutantfects include c-myc, cyclins, and raf (Bromberg, 2001;
Kwon et al., 2000). However, the proteins that function embryos. This result strongly suggests that Cyclin-Cdk
complexes can activate STAT independently of JAK ac-together with STAT to regulate embryonic cell fate have
been less well characterized. The paper by Chen et al. tivity. Whereas kinases other than JAK, such as epider-
mal growth factor receptor, src, abelson, and mitogen-in this issue of Developmental Cell demonstrates a new
function for cyclin-dependent kinase 4 (Cdk4) in the activated protein kinase, have previously been shown
to be capable of activating STAT, regulation by Cyclin-regulation of embryonic cell fate and segmentation in
Drosophila by activating STAT, independent of JAK Cdk signaling appears to represent a previously unsus-
pected mode of STAT activation (Bromberg, 2001;(Chen et al., 2003).
To identify additional genes that function with STAT Decker and Kovarik, 2000).
How then, do Cyclins and/or Cdks activate STAT?to regulate cell fate and pattern formation, Chen et al.
carried out a genetic screen for mutations that cause The authors were not able to detect phosphorylation
of STAT by Cdk4. However, they were able to detectembryonic defects similar to those caused by mutations
in the Drosophila JAK (called hopscotch or hop) or in coimmunoprecipitation of Cdk4 and STAT when these
proteins were overexpressed either in tissue culturethe fly STAT (also known as stat92E or marelle). One
locus identified in this screen was, surprisingly, cdk4. cells or in embryos. Perhaps surprisingly, Cdk2 also
immunoprecipitates with STAT. Moreover, coexpres-The similarities between the cdk4 phenotype and those
of hop or stat92E are striking. Embryos that lack both sion of either Cyclin D-Cdk4 or Cyclin E-Cdk2 com-
plexes with STAT in S2 cells results in a pronouncedmaternal and zygotic gene activity for any one of these
loci show very similar cuticle patterning defects. In addi- increase in the level of STAT protein detected by West-
ern blotting. The same result is observed following coex-tion, embryos lacking cdk4 show the same loss of ex-
pression of particular pair-rule genes in specific loca- pression of STAT and HOP. The authors conclude that
Cyclin-Cdk complexes increase the protein stability oftions, for example, even-skipped stripe 3, as do embryos
lacking hop or stat. Furthermore, mutations in cdk4 re- STAT. Consistent with this interpretation, embryos lack-
ing cdk4 function show a dramatic reduction in STATsemble mutations in hop or stat92E in their effects on
tracheal development (Chen et al., 2002). protein expression, and embryos overexpressing Cyclin
D and Cdk4 show increased STAT protein, by immuno-These cdk4 mutant phenotypes, especially the effect
on pair-rule gene expression, are unlikely to be due to histochemical staining. Although an effect on STAT tran-
scription cannot be ruled out entirely, the available datadefective cell cycle progression because control of pair-
rule gene expression occurs during the very rapid, early support a direct effect on the STAT protein.
So if Cyclin-Cdk complexes activate STAT to alternuclear divisions in the syncitial Drosophila embryo.
